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HYPERSONIC VISCOUS DRAG ON CONES I N  RAREFIED FLOW 

By Marvin I. Kussoy 

Ames Research Center 

SUMMARY 

Drag w a s  measured i n  the r a re f i ed  flow regime f o r  cones of 1' t o  30' 
semivertex angle t o  determine the e f f e c t s  of viscous flow. The t e s t s  were 
conducted i n  the Ames 1-foot  shock tunnel i n  a i r  a t  Mach numbers of 10 and 14 
and Reynolds numbers, based on cone length,  of from 600 t o  32,000. A f r e e -  
f l i g h t  experimental technique was used which avoided possible  model-support 
s t i n g  in te r fe rence  e f f e c t s .  Drag coe f f i c i en t s  predicted by weak-interaction 
theory were l a r g e r  than those measured, ind ica t ing  the possible  presence of a 
merged layer  which cancels a port ion of the i n t e r a c t i o n  e f f e c t s .  The viscous 
parameter cor re la ted  the drag da ta  taken a t  both Mach numbers f o r  the lo, loo, 
15', and 30° cones. M = 10 drag 
da ta  f e l l  below t h a t  observed f o r  M = 14, ind ica t ing  t h a t  any merged l aye r  
e f f e c t s  on these p a r t i c u l a r  bodies a re  possibly a funct ion of Mach number as 
well  as  the viscous parameter. Published drag measurements f o r  wide ranges 
of Mach numbers (2  t o  21) ,  viscous parameters (0.02 t o  0.35), cone semivertex 
angles ( 5 O  t o  1 5 O ) ,  and w a l l  temperature r a t i o s  (0.02 t o  1.0) were cor re la ted  
by p l o t t i n g  the  r a t i o  of viscous drag t o  viscous parameter aga ins t  the w a l l  
temperature r a t i o .  

For cone angles of 2.5', 5 O ,  and 7.5O, ' the 

INTRODUCTION 

Viscous flow over cones has been the subject  of severa l  recent  experi-  
mental and t h e o r e t i c a l  s tud ies .  Slender cone surface pressures a t  supersonic 
Mach numbers can be predicted ( r e f .  1) by weak-interaction theory, which 
assumes a Rankine-Hugoniot shock, and separate  viscous and inv isc id  flow 
regions over the body. 
however, ne i the r  cone surface pressure nor heat - t ransfer  r e s u l t s  show any 
in t e rac t ion  e f f e c t s  ( r e f s .  2-5). I n  addi t ion,  the  experimental flow f i e l d  
s tud ie s  ( r e f .  5 )  have found a weakened shock s t ruc tu re  and a f u l l y  merged 
viscous region a t  the  same t e s t  conditions.  Consequently, there  has been 
some question as t o  what parameter t o  use ( i . e . ,  what flow mechanism i s  
dominating) t o  co r re l a t e  d a t a  such as surface pressures ,  hea t  t r ans fe r ,  and 
drag coef f ic ien ts .  

A t  hypersonic Mach numbers and low Reynolds numbers, 

'Ifhe present  i nves t iga t ion  w a s  made t o  determine the  e f f e c t  of viscous 
flow on the drag of cones. Purposes of t h i s  s tudy included extending a v a i l -  
ab l e  experimental da t a  t o  a wider range of cone angles and attempting t o  
co r re l a t e  these da t a  with d a t a  obtained i n  o ther  experimental invest igat ions.  



SYMBOLS 

drag coefficient, referenced to model base area 

Chapman-Rubesin viscosity coefficient 

CD 

cco 

M Mach number 

Re Reynolds number 

T temperature 

- 
viscous parameter, 

2 

cone semivertex angle 

Subscripts 

FM free molecule value 

inv inviscid value 

2 length 

W wall 

co free -stream conditions 

0 stagnation conditions 

EXPERIMENTAL PROCEDUm 

Facility and Test Conditions 

The tests were performed in the Ames l-foot combustion driven shock 
tunnel, described in references 6 and 7. 
nominal free-stream Mach numbers of 10 and 14 and nominal Reynolds numbers per 
inch of 5,000 and 8,000, respectively. 
temperature for the tests were approximately 4,200 psia and 10,500° R for 
both Mach numbers. The useful testing time of this facility is approximately 
25 milliseconds. 

This facility is operated in air at 

The nominal reservoir pressure and 
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Models 

The semivertex angle of the cone models tested ranged from 1' to 30'. In 
order to obtain a Reynolds number variation, the models were made of various 
lengths. To insure a reasonable static stability margin, the model nose was 
made of mild steel and the base of either plastic or wood. These two materi- 
als were first glued together and then machined. A set of 5' cones, varying 
in length from 0.38 to 4 inches, is shown in figure 1. For the present test 

conditions, the mean free path in the 
free stream was approximately 
0.003 inch. Photomicrographs indicated 
that the model tips were approximately 
0.0005 inch in diameter. Thus the 
cones were considered sharp for the 
aerodynamic purposes of the present 
study. 

Test Procedure and Instrumentation 

To insure data free of sting 
interference, a free-flight technique 

,,was used for measuring the cone drag 
'coefficient. This method is similar to 
that used in a shock tunnel at the 
Naval Ordnance Laboratory (see refs. 8 
and 9).  The models and "calibrating 

Figure 1.- Typical models inves t iga ted .  spheres" (spheres having known drag 
coefficients) are suspended from a 

frame in the test section by means of thin nylon filaments, 0.5 mil in diam- 
eter. The initial flow burns away these threads in approximately 1 msec, 
leaving the models suspended in the test section at, or near, zero angle of 
attack. Some cone models went to a high angle of attack either because the 
strings burned unevenly or because of tunnel transients. 
models were discarded. 
* 2 O  were used in this study. 
Two high-speed 16-1~m cameras operating at 2000 frames/second recorded the 
flight of the cones and reference spheres as viewed through the side and top 
windows. 

d 

The data from these 
Only data from cone models at angles of attack below 

Figure 2 is a sketch of a typical test setup. 

Data Reduction and Precision 

Model movement as a function of time was obtained from the filmed flight. 
When the model acceleration is constant, the distance traveled will vary with 
the time squared. 
squared and a straight line was fitted to the data to determine the 
acceleration of the model. 

Therefore, the model distance was plotted against time 

Since the dynamic pressure of the tunnel varied about k20 percent from 
run to run, a convenient method for obtaining the drag coefficient of the 
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\ 
Reference grid 

Figure 2.- Typical tes t - run  setup. 

1.25 cones was to include a smll sphere of - 

known drag coefficient in each run 
(thus reducing the uncertainty in 
knowing the stream dynamic pressure), 
and compute the cone drag coefficient 
from the sphere drag coefficient and 

tion ratios. The drag coefficient of 
the small sphere was obtained by mea- 
suring simultaneously the drag of var- 
ious sizes of spheres and comparing it 
with the drag of a large sphere 
(1.5 in. diam) that was definitely in 

0 MmAO the sphere and cone mass and accelera- 
0 M,=14 

” ao the continuum flow regime; the results 
I I I I I I I 

0 .2 .4 .6 1.0 1.2 1.4 1.k are given in figure 3. The large .90 

Sphere diameler. in sphere was assigned a drag coefficient 
of 0.9, as determined in reference 10 

Figure 3.- Drag coef f ic ien ts  of ca l ib ra t ing  for continuum flow. This large sphere 
w a s  also run with a pitot probe in the spheres. 
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test stream. Since the ratio of dynamic pressure to pitot pressure is 
essentially constant for hypersonic Mach numbers, the drag coe,fficient can be 
obtained from this ratio and the acceleration of the sphere. A drag coeffi- 
cient of 0.92 +O.O5 was obtained for the large sphere in this manner. For 
the present investigation of cone drag, the drag coefficients of the 
calibrating spheres (0.15 to 0.35 in. diam) were obtained from the fairing of 
the data of figure 3. 

4 -  

CD 

The method described above introduced errors in sphere drag coefficient 
estimated to be less than k5 percent. Thus it is believed that an experimen- 
tal accuracy of +5 percent for the sphere calibration data and f10 percent 
for the cone drag data (since the cone data depends directly on the sphere 
drag) is the best obtainable for the present series of tests. 

-7- nominal test Mach numbers of 10 and 14. 
//// For reference purposes, the calculated 

inviscid and free molecular drag coef- 
\ ficients are also shown. The in iscid k 

G ,!) 
D ~ ~ ,  

'\ value was computed from the tunnel 
nominal running conditions, assuming 
the base pressure equaled the free- 
stream static pressure. The drag 
coefficient for free molecular flow 
was computed for the present test 

the method given in reference 11 
(assuming an accommodation coefficient 
of unity). For simplicity, only two 

tl ,Weoh-mteroction 

I '  
1 
I 

3- f'? theory conditions for diffuse reflection by 

RESULTS AND DISCUSSION 

Present Test Results 
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Figure 4. - Continued. 

3. Induced pressure drag  derived from the  change i n  e f f ec t ive  aero- 
dynamic body shape due t o  the  boundary l a y e r  as formulated by Probstein 
( r e f .  1 4 ) .  

4. Incremental increase i n  the  zero pressure grad ien t  s k i n - f r i c t i o n  
drag due t o  the presence of an induced pressure gradient.  This term w a s  
developed by Probstein ( r e f .  1 4 ) .  

5. Transverse curvature s k i n - f r i c t i o n  drag; the increment t o  the zero 
pressure gradient sk in  f r i c t i o n  due t o  the r e l a t i v e l y  l a rge  boundary-layer 
thickness i n  r e l a t i o n  t o  the  body radius.  This term i s  given by Probstein 
and E l l i o t t  ( r e f .  1 5 ) .  

The l i n e a r  combination of the above f i v e  terms w i l l  be ca l led  the weak- 
i n t e r a c t i o n  theory. The two-term theory, cons is t ing  of only the f irst  two 
terms discussed above,will be ca l led  the  thin-boundary-layer theory. 
wide range of cone angles considered, t he  measured drag coe f f i c i en t s  vary 

For the  
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2.0 

1.5- 

CD 

7 

with G,. This result agrees with the 
observations of references 16 and 17. 

- 'DFM - The drag predicted by weak-interaction 
theory is generally too large, partic- 
ularly at the smaller cone angles. 
(The apparent agreement of the data 
taken with the 7.5O cone at Mach 14 

0 



Comparison With Other Results 

.8 

.7 

.6 

.5 

cD.4 

There have been several investigations of viscous drag on sharp and 
Data have been obtained over a slightly blunted cones published recently. 

wide range of Mach numbers, wall temperature ratios, and viscous parameters 
on cones with semivertex angles of from 5' to 15'. Tests have included free- 
flight and sting-mounted models in continuously running low-density tunnels, 
ballistic ranges, and shock tunnels. These data, divided into groups of . 

approximate - cone angles of 5', loo, and 15O, are plotted in the form CD vs. 
v, in figure 5. Data are also shown for slightly blunted cones. It has been 
found experimentally (refs. 12 and 17) that ratios of nose radius to base 
radius (RN/RB) of up to 0.1 have small effects on measured drag coefficients. 
The pertinent data from the present series of tests are also shown for com- 
parison. The viscous parameter does not collapse these data when plotted in 
this manner. 
parameter for a given set of free-stream conditions, wall temperature ratios, 
and cone angles, an attempt is made to correlate the available data by plot- 

against the wall temperature ratio, Tw/To ting the quantity (CD - 
(fig. 6). It was hoped that the viscous parameter might account for any 
variations in Mach number and Reynolds number, and that wall temperature 
ratio would correlate any additional changes in the boundary-layer flow over 
the body. However, the Mach number effect previously discussed is still 
present in this correlation. All available data (refs. 12, 16-21) have been 
presented in this manner in figure 6, and fall within the lightly shaded 

However, since drag coefficient varies linearly with the viscous 

)/?, 'Dinv 

M, 9, TWITo RN/RB Ref 

- 

0 
0 

0 
- 

0 0 0 - 

0 0 

0 
- 

0 

8 
0 - 

a Dayman 8 6 .45 0 5  16 
A Oaymon 8 6 -87 0 16 
0 Doymon 8 6 -40 0 16 
0 WhitfieM 17 6.3 -.IO .03 12 
0 Wilkinson 14-21 65 -.IO 03 21 
0 King 4-6 5 1.00 0 20 

g} Presenttests 140 2 ::: 00 

8 

0 

0 

1 I I I I I 1 I 
.05 .IO .I5 20 .2!5 .30 .35 - 0 

vm 

Dayman 
0 Dayman 
A Whitfield 
h Whitfield 
a Whitfield 
0 Whitfield 
0 Wilkinson 

:} Present tests 

M, 8, TJTo RN/RB Ref 

8 9-10 -.45 0 16 
8 IO .87 0 16 
17-21 9-10 . IO 0 12 
10 9 .75 0 12 
IO 9 .23 0 12 
9 9 .20 .03 12 
14 9 . I O  .03 21 
IO IO .05 0 
14 IO .05 0 

(b) BC %loo (a) ec e 5 O  Figure 5.- Comparison of published data with 
present results. 
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1.0 ::I .7 

M, 8, T W I T o  RN/RB Ref 
0 lpsen 2 15 1.0 0 18 

A Doyman 8 15 .87 0 16 
0 Doymon 8 15 .43 0 16 
0 Crowford 6 15 .30 @.I 17 
o Crowford 6 15 .80 &I 17 

:} Resent tes+s '0 l5 .05 O 
14 15 .05 0 

o lpsen 4 15 1.0 0 18 

D 

0 
A 

1 I I I I I 1 
.05 .IO .I5 20 2.5 .30 

"m 
- 0 

(c) ec = i5O 

Figure 5.- Concluded. 

10- 
- 

8 -  

1 
.35 

region. 
several discrete values of TWITo, as 
indicated in fig. 5. For simplicity, 
a continuous band is shown in fig. 6 
instead of the individual data points.) 
The range of data from the present 
tests for angles of 5' to 1-50 is a l s o  
indicated. The drag computed by weak- 
interaction theory for all the test 
conditions is shown as solid vertical 
lines. Also indicated on this figure 
are the maximum values of f, encoun- 
tered for each specific set of avail- 
able data. It is evident from this 
plot that the data collapse in a rela- 
tively narrow band whereas the theoret- 
ical calculations do not. For small 
values of the viscous parameter, weak- 
interaction theory appears to predict 
the drag adequately. However, for 
large values of the viscous parameter 
there is a large difference between the 
experimental values and those predicted 
by weak-interaction theory. This again 
points up the inadequacy of this theory 
and indicates the need for further 
study to determine the relative contri- 
bution of low-density effects to the 
drag of slender bodies and to determine 
the corresponding appropriate 
correlating parameters. 

(Data are available at only 

6- Maximum for 
eoch dolo set - 

- 
Range of weak __----- 

4 -  interaction theory 

2- 

3 Published dolo 

3 Present doto 

I I I I I  I I I I I  
.02 .04 .06 .08 .I . 2  .4 .6 .8 IO IL 

.01 
Tw I To 

Figure 6.- Corre la t ion  of published da ta  and comparison with theory; 5O 5 8, 5 1 5 O .  
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S W R Y  OF RESULTS 

Drag coefficients were obtained for sharp cones at zero angle of attack 
in low-density hypersonic flow. Cone semivertex angle, varied from 1' 
to 300, and the viscous parameter Go, varied from 0.07 to 0.45. Specific 
results are as follows: 

1. 
ing viscous parameter to about half the free molecule value at the highest 
v, tested. 

2. 

The drag coefficient for the cones increased linearly with increas- 
- 

Drag coefficients predicted by weak-interaction theory were higher 
than the experimental results for all cone angles, indicating the possible 
presence of a merged layer that cancels a portion of the interaction effects. 

The viscous parameter correlated the drag data taken at Mach numbers 3. 
of 10 and 14 for the lo, loo, 15O, and 30' cones. 
5O, and 7.5', the M = 14, 
indicating that any effects of a merged layer on these particular bodies are 
possibly some other function of Mach number and Reynolds number than that 
contained in the viscous parameter. 

For cone angles of 2.5O, 
M = 10 drag data fell below that observed for 

4. Published cone drag data obtained over a broad range of test condi- 
against wall tions were correlated by plotting the quantity (CD - C D ~ ~ ~  )/Go, 

temperature ratio. 
For small values of the viscous parameter, the weak-interaction theory ade- 
quately predicted the drag data. The inadequacy of this theory at high 
values of the viscous parameter indicates the need for further research to 
determine the relative contribution of rarefied effects to the drag of slender 
cones . 

Predictions by weak-interaction theory were also made. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, California, 94035, March 30, 1967 
124 -07 -02 -14 -00 -21 
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